Milk fat globule membranes (MFGM) were isolated from the milk of mid-lactation Holstein cows. The purified MFGM were fractionated using 1-dimensional SDS gels. Tryptic peptides from gel slices were further fractionated on a micro-capillary high performance liquid chromatograph connected to a nanospray-tandem mass spectrometer. Analysis of the data resulted in 120 proteins being identified by two or more unique peptide sequences. Of these 120 proteins, 71 % are membrane associated proteins with the remainder being cytoplasmic or secreted proteins. Only 15 of the proteins identified in the cow MFGM were the same as proteins identified in previous mouse or human MFGM proteomic studies. Thus, the bulk of the proteins identified are new for bovine MFGM proteomics. The proteins identified were associated with membrane/protein trafficking (23 %), cell signalling (23 %), unknown functions (21 %), fat transport/metabolism (11 %), transport (9 %), protein synthesis/folding (7%), immune proteins (4 %) and milk proteins (2%). The proteins associated with cell signalling or membrane/ protein trafficking may provide insights into MFGM secretion mechanisms. The finding of CD14, toll like receptor (TLR2), and TLR4 on MFGM suggests a direct role for the mammary gland in detecting an infection.
Milk production and secretion is a complex process that warrants more basic research to further our understanding of these processes. Proteomics is a tool that will help identify proteins important to milk production and secretion. Identification of proteins associated with various aspects of milk production and secretion will provide a foundation for new research in lactation biology. The proteomic studies conducted thus far on mammary epithelial cells, organelles, membranes and secretion processes (Wu et al. 2000a, b ; Quaranta et al. 2001; Charlwood et al. 2002; Pucci-Minafra et al. 2002; Fortunato et al. 2003; Jacobs et al. 2004 ) are focused on breast cancer and/or rodent lactation. While these studies have advanced our understanding of mammary function and milk secretion, they may not address the unique aspects of milk secretion in dairy cattle.
One area of milk secretion that is lacking in molecular details is that of milk fat secretion (Mather & Keenan, 1998a; Keenan, 2001 ). This scarcity of information is due in large part to the lack of cell lines that secrete milk and milk fat (Keenan, 2001 ). The MFGM is a rich source of membrane proteins and proteomic analysis of these membranes may highlight some of the signalling and secretory pathways used by the mammary gland. Furthermore, the proteome of the MFGM provides additional insight into this membrane's cellular origin. The most widely accepted source of membrane for the MFGM is the apical membrane of the secretory cell (Mather & Keenan, 1998a ; Keenan, 2001) . Specifically, the outer envelope of the MFGM is derived from the apical plasma membrane. Their conclusions are supported by biochemical, electron microscopy and immunocytochemical evidence. Many MFGM proteins are also derived from intracellular sources including the endoplasmic reticulum, and the surface on intracellular lipid droplets (Wu et al. 2000a) .The other theory suggests that the MFGM originates from secretory vesicle membranes (Wooding, 1971 (Wooding, , 1973 . While this secretory vesicle mechanism may contribute to some membrane to the MFGM, the apical membrane of the secretory cell seems to be the primary source for MFGM (Mather & Keenan, 1998a; Keenan, 2001) .
The major proteins in the MFGM have been identified using traditional biochemical approaches (Mather, 2000) . These methods are slow, laborious and address only one protein at a time. Proteomic approaches yield the identities of many proteins in one experiment. To date the proteomic approaches have been applied to human MFGM (Quaranta et al. 2001; Charlwood et al. 2002 ; Fortunato et al. 2003 ) and mouse MFGM (Wu et al. 2000a) . In these 4 papers only 6-45 proteins were identified in the MFGM. These authors used 2 dimensionalelectrophoresis (2DE) protocols to do the initial fractionation of the MFGM proteins. However, 2DE is problematic with membrane proteins. Many intrinsic membrane proteins are lost in 2DE due to precipitation at the isoelectric point or the proteins are difficult to get into solution prior to iso-electric focusing. Omitting the iso-electric focusing step and fractionating the MFGM directly using 1 dimensional-electrophoresis SDS gel electrophoresis (1DE) overcomes the solubility problems (Gu et al. 2003; Peirce et al. 2004) . The loss of the high resolution provided by 2DE can be overcome by high performance liquid chromatography tandem mass spectroscopy (MS/MS). In this report the MS/MS approach to analyse a complex mixture of tryptic peptides from 1DE slices. Using this approach, 120 proteins were identified in cow MFGM.
Materials and Methods

Milk Fat Globule Membrane Preparation
Milk was collected from Holstein cows in mid-lactation. The milk from 5 cows was cooled to 4 8C, pooled and centrifuged at 10 000 g for 15 min. at 4 8C. The floating milk fat pellet was removed, mixed with 5 volumes of ice cold phosphate buffered saline (pH 7)+complete protease inhibitor cocktail (complete mix of serine and cysteine protease inhibitors) from Boehringer Mannheim (Indianapolis, IN) and centrifuged at 10 000 g for 15 min. This washing step was repeated 3 times until the supernatant was clear.
MFGM were prepared from the washed milk fat as previously described (Reinhardt et al. 2000) . Washed milk fat was diluted in 10 volumes of Buffer A which contained: 10 mM-Tris-HCl, 2 mM-MgCl 2 , 0 . 1 mM-phenylmethylsulphonyl fluoride, 1 mM-EDTA, 4 mg aprotinin/ml and 4 mg leupeptin/ml at pH 7 . 5. The sample was homogenized using a Polytron PT-10 (Brinkman Instruments, Boston, MA) running at 12 000 rpm. Each homogenization step was for 12 sec with 30 sec of sample cooling between each homogenization run. A total of three 12 sec. homogenizations were performed on the sample. The homogenate was mixed with an equal volume of Buffer B (Buffer A plus 300 mM-KCl) and centrifuged at 100 000 g for 1 h. The supernatant was discarded and the membrane pellet was resuspended in Buffer C (Buffer A plus 150 mM-KCl). The resuspended membrane preparation was centrifuged at 100 000 g for 1 h. The supernatant was discarded and MFGM pellet was resuspended in buffer A. Protein concentration was determined using the BioRad Protein Assay Kit using a bovine serum albumin (BSA) standard. MFGM were stored at -70 8C until needed.
Extraction of Intrinsic Proteins
MFGM prepared as described above were pelleted by centrifugation at 100 000 g for 1 h. All procedures were done at 4 8C. The membrane pellet was resuspended in a small amount of 300 mM-sucrose, 10 mM-Tris-HCL at pH 7 . 5. This suspension was diluted with ice-cold 0 . 1 M-sodium carbonate (pH 11 . 5) to a protein concentration 0 . 01 mg/ml (Fujiki et al. 1982) . The sample was incubated on ice for 1 h and then centrifuged at 100 000 g for 1 h through a cushion of 300 mM-sucrose (10 % of the tube volume). The MFGM intrinsic protein pellet was resuspended in buffer A. Protein concentration was determined and the extracted MFGM were stored at -70 8C until needed.
Gel Electrophoresis, Protein Alkylation and Ingel Trypsin Digestion
One mg extracted MFGM was pelleted by centrifugation at 100 000 g for 1 h. The MFGM was resuspended in a modified Laemmli buffer containing 150 mg urea/ml and 65 mM-DTT and heated to 90 8C for 10 min. The sample was loaded and electrophoresed for 1 . 5 h at 125 volts on an 8-16 % Tris-glycine gel (Novex, San Diego, CA). At the end of electrophoresis the gel was stained with Pierce Gel Code Blue for 1 h and destained overnight in water. The gel was then cut into 40 slices from the bottom to the top of the gel. These slices represented molecular weights from y6-250 KDa. Each slice was cut into 1 mm cubes and placed into a siliconized microcentrifuge tube. All NH 4 HCO 3 buffer used in this section is pH 8. The diced gel slices were destained with 3 washes of 50 : 50 (vol/vol) acetonitrile (ACN) : 25 mM-NH 4 HCO 3 followed by one wash in 80 : 20 (vol/vol) ACN : 25 mM-NH 4 HCO 3 . The gel slices were then dried for 15 min in a vacuum centrifuge. Next, the samples were rehydrated in just enough freshly prepared 10 mM-Tris(2-carboxethyl)-phosphine hydrochloride (Pierce Biotechnology Inc, Rockford, IL) in 25 mM-NH 4 HCO 3 , to cover the gel slices and incubated for 1 h at 56 8C. The samples were cooled to room temperature and the Tris(2-carboxethyl)-phosphine hydrochloride solution removed and discarded. Freshly prepared 55 mM-Iodoacetamide in 25 mM-NH 4 HCO 3 was added to the gel slices and they were incubated for 1 h at room temperature in the dark. This solution was discarded and the slices were washedr2 with 50 : 50 (vol/vol) ACN : 25 mM-NH 4 HCO 3 followed by one wash with 80 : 20 (vol/vol) ACN : 25 mM-NH 4 HCO 3. The gels slices were dried for 15 min in a vacuum centrifuge. Next, sufficient 25 mM-NH 4 HCO 3 was added to rehydrate the gel slices. After adding cap locks, the proteins were thermally denatured at 90 8C for 20 min as described (Park & Russell, 2000 , 2001 . The slices were then cooled on ice for 10 min, the supernatant discarded and the gel slices were washedr2 with 50 : 50 (vol/vol) ACN : 25 mM-NH 4 HCO 3 followed by one wash with 80 : 20 (vol/vol) ACN : 25 mM-NH 4 HCO 3 . The gel slices were then dried in a vacuum centrifuge. For trypsin digestion, just enough proteomic grade trypsin (20 ug/ml in 25 mM-NH 4 HCO 3 ) was added to cover the gel slices. After the gel slices were rehydrated, ACN was added so that the solution was 30 % ACN . This ACN/trypsin solution was incubated at 37 8C overnight. The next day the samples were cooled to room temperature. The digest solution was transferred to clean siliconized tubes. The gel slices were extractedr2 with 50 : 50 (vol/vol) ACN : 5 % formic acid,r1 with 15 : 50 : 35 (vol/vol) isopropanol : ACN : 5 % formic acid, andr2 with 80 % ACN. All extracts were combined with the digest solution and dried in a vacuum centrifuge. The samples were stored dry at -20 8C until used.
High Performance Chromatography and Tandem Mass Spectroscopy of the Samples
The tryptic peptides from each gel slice were analysed by CapLC-nanospray-MS/MS using a Q-TOF Ultima API mass spectrometer (Waters-Micromass, Milford Ma. ; Lippolis & Reinhardt, 2005 ). An Atlantis C 18 NanoEase column (75 umr100 mm) was used for peptide separation. The system was configured to concentrate and wash the injected sample on a Symmetry 300 C 18 precolumn. Seven min after the start of sample loading the precolumn was switched in line with the analytical column to allow the trapped peptides to be eluted onto the analytical column. Mobil phase A was 0 . 1 % formic acid in 5% ACN. Mobil phase B was 0 . 1 % formic acid in 95 % ACN. The gradient was 95 % A for 5 min and then was ramped linearly to 40 % B over 85 min. Over the next 2 . 5 min it was ramped to 90 % B and held for 10 additional min before re-equilibration of the column. The flow rate was 300 nl/min.
The analytical column was connected to WatersMicromass Lockspray-nanospray interface on the front of the mass spectrometer. The lockspray used the peptides fibriopeptide b and leucine enkephalin as standards. The capillary voltage was 3500 V and was tuned for signal intensity. The 5 most intense ions, with charge states between 2 and 4, were selected in each survey scan if they met the switching criteria for a MS/MS scan. Three collision energies were used to fragment the peptides ions based on their m/z values.
Protein Identification
All peptide identifications were done using MS/MS data only. Post-run processing and mass correction of the MS/MS data was done using ProteinLynx Global Server 2.0 (Waters-Micromass, Milford Ma.) as was database searching. MS/MS scoring, statistics and protein identification algorithms are described in detail in appendix c of ProteinLynx Global Server 2.0 Users Guide (Waters, 2004) . Proteins were identified using The Universal Protein Non-redundant Reference database UniRef 100 from Swiss Prot (http://www.pir.uniprot.org/database/nref_blast. shtml). Modifications allowed were one missed cleavage per peptide, methionine oxidation and carboxyaminomethylation in the first pass search. Mass accuracy of peptide fragment ions was set at 20 ppm for all searches. All protein identifications were P <0 . 05 using the search and protein identification program ProteinLynx Global Server 2.0. In general, 3 or more peptides from a protein were required for a firm identification. However a very high quality MS/MS spectrum would provide sufficient confidence for positive protein identification using the PepSeq. For proteins just below P <0 . 05 (those with only 2 peptides), the peptide sequences were manually checked using the PepSeq (Waters-Micromass, Milford Ma.) to confirm the sequence assignments at P <0 . 05.
Western Blotting
MFGM were incubated for 15 min at room temperature in a modified Laemmli buffer containing 150 mg urea/ml, 65 mM-DTT and 40 g SDS/l. Samples were then electrophoresed for 1 . 5 h at 125 volts (20 mA at the start of a run) in a 6 % Tris-glycine gel for PMCA2 or a 12 % gel for Snap23 and Rab3A (Novex, San Diego, CA). Proteins were transferred to nitrocellulose membranes for 1 h at 25 volts (600 mA at the start of a run) in 0 . 7 M-glycine, 0 . 025 M-Tris at pH 7 . 4. Blots were developed using Pierce's Supersignal (Pierce Products, Rockford IL) using the protocol provided by the manufacturer. Anti-PMCA2 antibody was described previously (Reinhardt et al. 2000 (Reinhardt et al. , 2004 . Anti-Rab3A and anti-SNAP23 were purchased from Affinity BioReagents (Deerfield, IL).
Results
Figure 1 shows a 1DE gel image for the purified MFGM proteins. The large band just below the 64 kDa standard is butyrophilin. Forty gel slices from a larger gel were prepared as described in the Material and Methods section for tandem mass spectral analysis and protein identification. Table 1 presents a list of the 120 proteins, by general functional groups, found in MFGM prepared from Holstein cows in mid-lactation. Of these 120 proteins, 71 % are membrane associated proteins with the remainder being either cytoplasmic or secreted proteins ( Fig. 2A) . The proteins with an asterisk (Table 1 , a, d, f and h) are proteins common to those found in other proteomic studies of the MFGM in human and mouse (Cavaletto et al. 1999; Wu et al. 2000a ; Fortunato et al. 2003; Jacobs et al. 2004) .
The identified proteins were divided into 8 broad functional categories based primarily on functions listed in the Swiss Prot database. Membrane/protein trafficking proteins (23 %) and cell signalling proteins (23 %) accounted for almost half of the proteins identified (Fig. 2B) . The next most abundant group at 21 % was proteins with unknown or 'poorly' defined functions. The remainder of the proteins were associated with fat transport/metabolism (11 %), general transporters (9 %), protein synthesis/folding (7 %), immune proteins (4 %) and milk proteins (2 %). Figure 3 shows a MS/MS spectrum used to confirm the presence of Rab 7 in the MFGM proteome when only 2 peptides were identified by ProteinLynx Global Server 2.0 (P>0 . 05). This MS/MS spectrum was de novo sequenced with PepSeq and the sequence was determined to be EAINVEQAFQTIAR with a 99 % probability (P <0 . 01) thus confirming the presence of RAB7 in this proteome. Figure 4 shows Western blots confirming the presence of 3 proteins identified in the milk fat globule membrane proteome. Plasma membrane Ca2+ATPase isoform 2 (PMCA2), SNAP23 and Rab3A were identified in the milk fat globule proteome by 2, 6 and 7 peptides respectively and confirmed by Western blotting.
Discussion
Previously, proteins in or associated with MFGM have been identified with traditional biochemical methods (Mather, 2000) . To date, proteomics approaches have been applied to human and mouse MFGM with the identification of new proteins in the MFGM (Wu et al. 2000a ; Quaranta et al. 2001 ; Charlwood et al. 2002 ; Fortunato et al. 2003) . The resulting data from these papers are somewhat limited due to their reliance on 2DE, which results in large losses of membrane proteins (Gu et al. 2003; Peirce et al. 2004) . In an attempt to identify more proteins associated with the membrane of MFGM, the MFGM were enriched for intrinsic membrane proteins, separated the proteins by 1DE and identified them by tandem mass spectrometry. With this approach 120 proteins were identified in the bovine MFGM proteome (Table 1) .
Proteomic analysis is complicated by the extreme dynamic range seen in protein abundances. It is estimated that cells may contain proteins with as few as 10 copies per cell ranging up to y1 000 000 copies per cell (Moritz et al. 2004) . For this reason it is important to simplify the proteome prior to analysis. This simplification was done by extracting the MFGM with carbonate to remove extrinsic proteins (Fujiki et al. 1982) , in order to focus on a simpler MFGM proteome that was enriched for intrinsic proteins. The resulting MFGM preparation was judged highly enriched for intrinsic proteins by both the high percentage of membrane proteins identified and the almost total lack of skim milk peptides found in the sample.
Tandem mass spectrometry instruments focus on the most abundant ions and need several seconds to obtain enough data to generate useful peptide spectra. During this time many peptides go undetected. However, for the bovine MFGM proteome, one of the greatest problems is the abundance butyrophilin. Butyrophilin constitutes 30-40% of the total protein in the Holstein MFGM (Mather, 2000) . Due to this dominant protein there is constant noise from butyrophilin peptides that results in the mass spectrometer missing many co-eluting low abundance proteins. Several other abundant MFGM proteins such as adipophilin, xanthine oxidase etc also contribute to this problem in the analysis of the MFGM proteome. The consequence of these or any overly abundant proteins in a proteome is simply a reduction in the total number of proteins that can be identified with high confidence.
The greatest roadblock to high throughput proteomic research with material from dairy cows is the incomplete nature of the genomic data. Proteomic analysis requires matching peptide spectra to potential peptides from known proteins. Where bovine sequence data is lacking, proteins identified were homologous to either human, mouse or rat. The peptide identification software allows for limited divergence of the peptide sequence from that reported in the protein database. Peptide spectra that represent peptides in polymorphic regions of unsequenced genome are not identified. The full power of proteomic research in dairy cows will be realized only upon completion of the bovine genome.
There are ambiguities concerning the functions of many of the proteins in protein databases such as SwissProt. In addition, there are ambiguities specific to the functions of proteins present in the MFGM. For example, xanthine oxidase's role in purine metabolism is likely not its function in the MFGM. Previous work strongly suggests it playing a role in milk fat secretion (Mather & Keenan, 1998a; McManaman et al. 2002; Vorbach et al. 2002) . The transcription factor, nuclear coactivator protein p100, presence in endoplasmic reticulum, lipid droplets and cytosol of lactating mammary gland led the authors of these finding to suggest that it may have additional functions beyond a transcription factor (Keenan et al. 2000) . The finding of nuclear coactivator protein p100 in the MFGM further supports their speculation. These ambiguities cannot be ignored and must be considered in any discussion of function in the absence of true functional data. But, for the purpose of discussion, proteins were grouped into functional groups.
Proteins from the bovine MFGM proteome were grouped by both cell location and general function ( Fig.  2A&B and Table 1 , a-h) based primarily on functions listed in the SwissProt database. Because of our purification process, the bulk of the proteins found were membraneassociated proteins (71 %). The 24 % cytoplasmic proteins found in the MFGM proteome are likely a combination of cytoplasmic proteins tightly associated with the membrane proteins or due to some cytoplasmic contamination of the MFGM preparations resulting from cytoplasmic crescents in the milk fat droplets (Wu et al. 2000a) . Despite the potential for contamination of the MFGM by casein and other milk proteins, we were able to purify our membranes to a point that skim milk proteins were a very minor component of this proteome (Table 1h) . Mather and Keenan (1998b) , point out in their review that the general progress in understanding the nature and regulation of milk secretion at the cellular and molecular level has lagged behind the progress in other secretory systems. Furthermore, much of what is proposed is by analogy with other quite different secretory model systems.
Twenty three % of the proteins identified from purified MFGM have functions associated with membrane/protein trafficking (Table 1a) . The membrane/protein trafficking proteins identified included 16 Rab proteins, SNAP23, syntaxin 3, SNARE protein Ykt6 and VAMP2 (Table 1a) . The Rab proteins are low-molecular-weight GTP-binding proteins that form the largest branch of the Ras superfamily of GTPases. Rab proteins and their effectors coordinate stages of transport in the secretory pathway (Zerial & McBride, 2001 ). The Rab3 isoforms and Rab27A are known to function in regulated exocytosis (Burgoyne & Morgan, 2003) . The Rab5 isoforms regulate vesiclemediated transport from the plasma membrane to the early endosomes. Rab11 regulates recycling endosomes between the plasma membrane and Golgi (Zerial & McBride, 2001) . Three membrane proteins, SNAP-25, synaptobrevin, and syntaxin, form the core of a ubiquitous membrane fusion machine that interacts with the soluble proteins N-ethylmaleimide-sensitive factor (NSF) and a-SNAP. Rab proteins, in coordination with the core fusion machinery and Munc-18, help to mediate vesicle docking and fusion. SNAPs are cytosolic proteins that play a key role in the process of membrane fusion in intracellular vesicle trafficking. In eukaryotic cells, the SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein Fig. 3 . A tandem MS/MS spectrum of the peptide ion 795 . 37 (M+2H) + selected from the survey scan for MS/MS analysis. This peptide ion was identified along with one other peptide ion as Rab 7 using the ProteinLynx Global Server 2.0 software. However, with only two peptide ions identified the probability for a protein match was just below the level of significance needed. Therefore this peptide's MS/MS spectrum was sequenced using the de novo sequencing program PepSeq. The peptide sequence was determined to be EAINVEQAFQTIAR with a 99 % probability using this program thus confirming the presence of RAB7 in this proteome. The sequence is read right to left using the y ions in the spectrum.
PMCA2
SNAP23 Rab3A Fig. 4 . Western blots confirming the presence of 3 proteins identified in the milk fat globule membrane proteome. Plasma membrane Ca2+ATPase isoform 2 (PMCA2), SNAP23 and Rab3A were identified in the milk fat globule proteome by 2, 6 and 7 peptides, respectively, and confirmed by Western blotting.
receptor) complex is critical to membrane docking and fusion and is believed to impart some degree of specificity between vesicle SNARE and target organelle SNARE. In neurons and neuroendocrine cells, the SNARE complex consists of the integral membrane proteins VAMP (vesicleassociated membrane protein), syntaxin and SNAP25. In non-neuronal tissues, such as mammary tissue, SNAP23 (a SNAP25 homolog) functionally replaces SNAP25 in the SNARE complex. Studies show that VAMP, syntaxin and SNAP23 are required for SNARE function. This complex exists as a heterotrimer of the three proteins (Zerial & McBride, 2001; Bonifacino & Glick, 2004) . The high expression of SNAP23 and Rab3A in MFGM was confirmed by Western blotting (Fig. 4) . Thus, the firm identification SNAP23, VAMP 2, syntaxin 3 along with several of the Rabs in purified MFGM provides a foundation of proteins likely key for the study and understanding of secretory processes in the cow. The SNAREs in MFGM could have originated from the fusion of secretory vesicles with the apical plasma membrane with subsequent carry over of the SNARE complexes into the lipid droplets. The proteins in Table 1b represent an additional 23 % of the proteome in this study. Their functions are primarily associated with cell signaling. In this group, 2 isoforms of the 14-3-3 proteins were identified. These 14-3-3 proteins have been shown to be associated with the stimulation of calcium dependant exocytosis (Roth et al. 1993 (Roth et al. , 1994 . The secretion of milk proteins occurs by both constitutive and calcium regulated exocytosis (Turner et al. 1992a, b) . The presence of the 14-3-3 proteins suggests they may participate in the regulation of the calcium dependant exocytosis of milk proteins. The identification of a large group of proteins linked to cell signalling, in a membrane preparation, is not surprising. However, linking them to any specific function in milk secretion is beyond the scope of this study.
The next largest group of proteins identified is those with unknown or ' poorly' defined functions (Table 1c) . The presence of the transcription factor nuclear coactivator protein p100 in MFGM was unexpected. Its presence in the MFGM proteome raises questions regarding its function which are not easily addressed. The finding of MUC1 in MFGM is not surprising, as it has been shown to be a major MFGM protein in prior studies and has been used as marker for some elegant studies on membrane movement in lactating mammary tissue (Mather et al. 2001) . However, its function in the MFGM remains elusive as MUC1 knockout mice lactate normally (Spicer et al. 1995) but MUC1 may have protective functions in the neonatal intestine (Peterson et al. 1998 ). Most of the other proteins in Table 1c are new identifications for the MFGM proteome. They are not extensively characterized as to their functions in general and not at all for the MFGM.
The next grouping was for proteins believed to be involved in fat transport or general metabolism (Table 1d ). This group constituted 11 % of this proteome. This group contains most of the major proteins of the MFGM (butyrophilin, xanthine oxidase, PAS 6/7, adipophilin, and CD36) (Mather & Keenan, 1998a) . Specific interactions have been proposed between the butyrophilin, xanthine oxidase, and adipophilin (Mather & Keenan, 1998a) in the MFGM and supporting data for this interaction has been presented (McManaman et al. 2002) . The mechanisms controlling milk fat secretion are not well understood, but these proteins are thought to play a critical role (Mather & Keenan, 1998a) . Using xanthine oxidase knockout mice, it was shown that females with 1 allele knocked out could not maintain lactation (Vorbach et al. 2002) . These authors went on to show that xanthine oxidase may have a primary role in milk fat droplet secretion. The recent examination of mice with the butyrophilin gene knocked out demonstrates the importance of butyrophilin expression on milk fat secretion (Ogg et al. 2004) .
Several proteins were identified (9 % of the proteome) whose functions are transport related (Table 1e ). The major calcium pump (plasma membrane calcium transporting ATPase 2) found in mammary tissue and the MFGM (Reinhardt et al. 2000) was identified in this group. This calcium pump has recently been shown to be required for secretion of much of the calcium in milk (Reinhardt et al. 2004) . No phosphate transport is thought to occur across the apical membrane of the mammary secretory cell (Shennan, 1998; Shennan & Peaker, 2000) . It is therefore somewhat surprising to find a sodium dependent phosphate transporter on the MFGM. Previous work has shown the presence of a sodium dependent glucose transporter (SGLT I) in mammary tissue but its location was not determined (Shennan & Peaker, 2000) . The data presented here suggest an apical location for this transporter.
One of the more interesting findings in this study was the identification of the Toll like receptors (TLR) TLR2 and TLR4 along with CD14 in the MFGM (Table 1g) . CD14 has been shown previously on general secretory vesicles (Landmann et al. 2000) and has most recently been shown to be expressed in the mammary gland and to play a role in mammary involution (Stein et al. 2004) . Our data show that mammary expression of CD14 is on the apical membrane of the secretory cell and the MFGM. The TLRs are predominantly expressed on antigen presenting cells and signal the presence of pathogens to the host. A recent study showed that mastitis increases mammary tissue mRNA expression of TLR2&4 (Goldammer et al. 2004 ). These authors were unable to determine the cell types expressing the TLRs in the mammary gland. They speculated that the bulk of TLR mRNA measured likely arose from infiltrating neutrophils and that some may be on the secretory epithelial cell. The data demonstrates that TLR2&4 are on the apical membrane of the secretory cell. The finding of CD14, TLR2, and TLR4 on MFGM suggests a direct role for the mammary gland in detecting an infection. The MFGM also may act as a sink for lipopolysaccaride (LPS) in an infection. The possibility that the CD14, TLR2, and TLR4 found in this study are the result of neutrophil membrane contamination of our MFGM fraction is unlikely. This is because none of the major neutrophil membrane proteins (Lippolis, Reinhardt unpublished observations) were found in our MFGM preparation. The significant of finding CD14, TLR2, and TLR4 on MFGM in mastitis will await direct studies.
In conclusion, a proteomic analysis of the bovine MFGM resulted in 120 proteins being identified. Of these, the majority were membrane associated proteins, mainly associated with membrane/protein trafficking or cell signalling, with the remainder being either cytoplasmic or secreted proteins. These data may provide insights into MFGM secretion mechanisms. The finding of CD14, TLR2, and TLR4 on MFGM suggests that pathogens entering the mammary gland are signaled to the host directly through the mammary gland. This proteomic study provides a foundation for research into secretory mechanisms of the mammary gland. It should be pointed out that many of the identified proteins are likely minor contaminants that have been carried over into the MFGM during its birth from the cell and consequently do not have any functional significance in the formation and secretion of the milk-fat globule. Future proteomic studies will address the differential expression of MFGM proteins, as a function of stage of lactation, production level and mastitis.
